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INTRODUCTION 
High-strength steels are being substituted for the 
standard low-carbon structural steel, ASTM A 36 (I). 
Lower costs have also been achieved by using thickened 
steel sections and high-strength welds. 
While a decrease in bridge design service factors is 
not foreseeable, the increasing tendency is for designers 
to exploit AASHTO and state codes to the greatest 
extent in order to achieve the maximum strength-to-cost 
efficiency of bridge steels. These codes, though reliable 
for design, still contain shortcomings in material 
specifications, notably in fracture toughness testing, 
which increase the susceptibility of structures to brittle 
fracture (2, 3). 
A continuing need exists to improve and upgrade 
the parameters by which weldments of high-strength 
steel are judged. Welding technology has advanced 
rapidly over the last 40 years since its introduction in 
bridges. However, the criteria applied for materials 
evaluation have not progressed significantly. In the 
future, the widening gap between construction practice, 
materials specifications, and materials evaluation may 
lead to service failures. 
The purpose of this study was to investigate the 
use of acoustic emission (AE) testing, a relatively new, 
nondestructive evaluation technique for inspecting welds 
of high-strength structural steels. Acoustic emissions are 
high-frequency stress waves generated by dynamic, 
internal stress changes. AE equipment and its operation 
are discussed in an earlier report (4). 
WELDING TECHNOLOGY 
Prior to the early 1940's,. most structural welding 
employed stick electrodes coated with cellulosic 
materials to join low-carbon, mild steels. The steels were 
not very susceptible to hydrogen embrittlement. In 
World War II, high-strength steels were introduced 
rapidly into ship construction; and welding became a 
widely used fabrication process. Unfortunately, failures 
occurred during this period due to lack of specific 
knowledge about base metals, welding electrodes, 
welding processes, and design details. By the early 
1950's, most welding problems were solved by altering 
design and material requirements. New electrodes were 
developed which did not generate free hydrogen, and 
electrodes were controlled to limit combined moisture. 
By alloying, weld strengths of 120,000 psi (830 MPa) 
were attained. 
One solution to early fracture problems was the 
replacement of most carbon steels with high-strength, 
low-allow steels which had greater, inherent toughness. 
Because of higher costs, they have generally been used 
only where a reduction in dead-load could be achieved. 
Two types of alloy structural steels have evolved: (1) 
the normalized, high-strength low-alloy (HSLA) steels 
and (2) the quenched and tempered, low-carbon alloy 
(Q & T) steels. Typical HSLA steels have yield strengths 
of about 50,000 psi (350 MPa). These steels usually have 
better toughness and corrosion resistance than ASTM 
A 36, low-carbon, structural steel. HSLA steels are 
typically alloyed with small additions of manganese, 
phosphorous, copper, vanadium, columbium, nitrogen, 
and nickel. These elements improve strength by 
increasing the pearlite content and by adding second 
phases to the ferrite structure. The Q & T steels have 
yield strengths exceeding 100,000 psi (690 MPa) and 
have excellent, low-temperature notch toughness. Small 
amounts of alloying agents such as maganese, silicon, 
nickel, chrome, molybendum, vanadium, boron, and 
copper are used to produce less martensite on rapid 
cooling. A tempering operation spherodizes the 
martensite structure and imparts high toughness to the 
steel. HSLA steels customarily used in bridge 
construction meet ASTM A 441, A 572 or A 588. Q 
& T steels used in bridges meet ASTM specifications 
A 514 and A 517 (5). 
Even though these steels usually exhibit excellent 
toughness, problems may be caused by lack of 
homogeniety. Even with inspection procedures superior 
to those required by state and federal codes, defects 
have occurred in steels exceeding ASTM requirements. 
Steel producers admit such defects may occur (6). 
Problems related to cracking may also result, if alloying 
(especially with carbon) exceed certain limits. Hydrogen 
in base metals is usually not considered a problem; 
however, some past failures of steel structures have been 
attributed to the presence of hydrogen. Improper 
quenching or tempering of the Q & T steels may result 
in material which is prone to cracking. 
Low-hydrogen electrodes may present problems if 
they otherwise contain moisture. The electrode coating 
(flux) may contain moisture in the combined form as 
a result of the manufacturing process or in the absorbed 
form due to contact with the atmosphere. Some 
moisture may be removed prior to welding providing 
the electrodes are properly stored, baked, and handled 
by the fabricator. The editor of Welding Design and 
Fabrication noted (7) 
" ... Last year saw E7018 (low-hydrogen electrodes) 
emerge as industry's most popular electrode 
supplanting E6010 and E6011 which have been top 
choices for nearly 40 years . ... What this means to 
the user is a greater need for careful handling of 
electrodes. A recent industry survey indicates that 
fewer than half of the fabricators using 
low-hydrogen electrodes guard the low-hydrogen 
qualities properly, and that can mean big problems 
in the quality of welds." 
Shielded-metal arc welding (SMAW) and submerged 
arc welding (SAW), both of which are pre-qualified by 
the AWS structural welding code for bridges, are the 
only methods of welding permitted by the Kentucky 
Bureau of Highways (other welding methods have been 
qualified and used for bridges by other states). Both 
processes use steel wire and solid fluxes. SMAW and 
SAW may be applied manually, automatically, or 
semi-automatically. The SMAW process consists of 
contacting electrode with a workpiece into a high 
amperage generator circuit. When the electrode is 
withdrawn from the workpiece, an arc is created thereby 
melting the electrode and depositing the molten weld 
metal on the workpiece. The electrode coating also 
melts, releasing a protective gas which displaces the 
atmosphere in and adjacent to the arc. The molten 
covering floats through the deposited liquid weld metal, 
acting as a flux and solidifying as an insulating covering 
on top of the weld bead. In contrast to the SMAW 
process, SAW uses a granulated flux deposited in the 
welding groove prior to deposition of metal from an 
automatic wire feeder. An arc is struck, melting the flux 
adjacent to the electrode. The arc travels through the 
molten flux rather than a gaseous atmosphere. The flux 
deoxidizes the molten weld metal, shields the weld metal 
from atmospheric gases, and acts as an insulating 
covering over the weld bead (8). 
Weld cracking might be managed more readily if 
its causes could be regulated by closely controlling the 
properties of the input materials. However, cracking may 
also be induced by operator variables, process 
adjustments, and weldment design. Cracks may be 
introduced into a weldment prior to welding in the form 
of non-metallic laminations contained in the base metal. 
During welding, these laminations may open and thereby 
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form hot cracks. During solidification, a weld may crack 
due to restraint of normal contraction following 
solidification. Impurities having low freezing 
temperatures may segregate to grain boundaries, creating 
low-strength bonds that fracture readily due to thermal 
contraction. Elements promoting this behavior are 
sulphur, phosphorus, and silicon. Cold cracking of welds 
occurs at temperatures below about one-half of the 
austenitizing temperature (the temperature at which iron 
changes crystalline structure). This delayed cracking may 
be related to three causes which are usually interacting: 
brittle microstructures, the presence of hydrogen, and 
the presence of residual or reaction stresses. 
The heat of welding affects a layer of base metal 
adjacent to the weld, called the heat-affected zone 
(HAZ), which undergoes a transformation, grain 
enlargement, and absorption of gases. Both the weld 
metal and the HAZ must transform from austenite to 
products which will be thermally stable after cooling. 
These products largely control the mechanical properties 
of a finished weldment. The microstructural products 
are determined by the alloy content, heat input, and 
cooling rate of the weldment. Metal in the weld cools 
by conduction at a faster rate than the HAZ. At higher 
alloy contents (especially carbon) and faster cooling 
rates, austenite can transform to martensite. A small 
quantity of austenite may remain in an unstable form 
at temperatures of 68 F (20 C) or lower. Usually, the 
austenite will transform to martensite when 
mechanically stressed. Martensite is the strongest 
transformation product of austenite. In its untempered 
state, martensite is also very brittle. During the 
transformation of austenite to martensite, the crystal 
lattice expands, straining the adjacent microstructure 
and embrittling the weld. While other transformation 
products such as upper bainite or enlarged grains may 
exhibit poor ductility, no microstructure is as 
deleterious as untempered martensite. An improper 
welding operation may create a brittle path of 
martensite along the entire length of a weld. 
Hydrogen is the most harmful element found in 
steel. Hydrogen embrittlement of steel is usually 
associated with welding processes which allow hydrogen 
to enter the weld metal from dissociated moisture in 
the coatings of welding electrodes or from the 
atmosphere. Atomic hydrogen is very soluble in 
austenite. However, as the weld metal cools and 
transforms, the solubility of atomic hydrogen decreases 
drastically. Since weldments cool rapidly, a condition 
of super-saturation develops. To relieve this coildition, 
hydrogen either diffuses to internal cavities, outgasses 
at the surface of a weld, or diffuses into the HAZ. A 
small quantity of atomic hydrogen may remain in the 
transformation product microstructure in its atomic 
form. 
There are two types of hydrogen embrittlement. 
If the hydrogen concentration is high (1·2 ppm), on 
cooling of the weld metal, atomic hydrogen will diffuse 
to microcavities and porosities where it combines to 
form molecular hydrogen. Pressure of entrapped gas can 
create microcracks in the weld metal or HAZ of any 
steel (9). At lower concentrations, hydrogen has a 
de·cohesive effect on the steel crystal lattice. In 
de·cohesive fracture, atomic hydrogen advances through 
the lattice, driven by stress gradients, to regions of 
triaxial stresses such as microdefects. When a critical 
hydrogen concentration is reached, a crack forms and 
propagates to a region of lower internal stress. There, 
crack growth is arrested and no further cracking occurs 
until a new cycle of stress·induced hydrogen diffusion 
occurs (this erratic crack growth procedure has been 
examined through acoustic emission testing) (10). 
Hydrogen·induced cracking has been related to 
steels having carbon contents greater than about 0.1 
percent. This encompasses all grades of structural steels. 
Much of the hydrogen introduced by welding outgasses 
prior to the steel phase change and cooling to room 
temperature. Also, most hydrogen may diffuse out of 
a weltl slowly at room temperatures; however, even if 
most of the initially induced ,hydrogen outgasses, 
irrepairable losses in ductility" may occur, regardless of 
subsequent thermal environments. In the case of 
low-carbon steels, the retained damage can be shown 
in permanent decreases in ductility of about ten percent 
less reduction of area in tensile specimens (1 1). 
Residual stresses caused by welding are shown by 
Figure 1. The stresses cannot be relieved by making a 
simple cut across the welded plate in any direction. 
Reaction stresses are usually created by welding a plate 
or beam on opposing sides to rigid members as shown 
in Figure 2. On cooling, localized shrinkage at the welds 
creates a uniform tensile stress across the face of the 
specimen. If a single cut is made across the cross section, 
as shown by line A-A, the reaction stress is relieved. 
Residual compressive stresses improve fatigue 
resistance, and no loss in fatigue properties results when 
residual tensile stresses are present (12, 13 ). Residual 
and reaction welding stresses have the greatest effect on 
brittle fracture. For retained stresses to cause low-load 
brittle fractures in steel structures, the following 
conditions are necessary: 
1. The steel must be in an embrittled condition 
(i.e., it has low toughness). 
2. The atmospheric temperature must be below 
the ductile-to-brittle transition temperature. 
3. Stress concentrations must be present. 
4. Residual stresses must be high. 
Kihara and Masubuchi performed a series of tensile 
tests on welded plates, with and without notches, at 
various test temperatures ( 14). Figure 3 shows the 
resulting behavior generated by a typical structural steel. 
Curve RQP indicates the failure of plates without 
notches and the ultimate strength of the material. In 
region A, bounded by curves RQ and QST, notched steel 
plates without residual stresses exhibit an elastic-plastic 
behavior. Plates containing sharp notches show a 
dramatic decrease in strength with decrease in 
temperature, as indicated by curve PQST. In region B, 
bounded by curves TS and UVW, residual stresses 
contribute to rapid brittle fracture in plates containing 
sharp notches. At stresses below curve WV and 
temperature Ta, cracks will form, partially alleviating 
residual stresses. These cracks will be arrested. At 
temperatures above Ta and below Tf, similar behavior 
exists. At temperatures above T f• no fractures will occur 
at stresses below curve SQP. 
Brittle fractures may occur at stresses too low to 
be compensated for by design service factors. Mylonas 
conducted tests in which alternating stresses were 
imposed on notched steel plates containing residual 
tensile welding stresses. When a tensile load was applied, 
the plates failed at stresses as low as 12 percent of the 
tensile yield strength ( 15 ). Rolfe et al. showed that large 
compressive residual stress fields in notched plates 
subject to tensile loads lowered the velocity of 
propagating cracks and prevented complete fracture 
(16). 
ACOUSTIC EMISSION TESTING 
Initial work conducted within the Division of 
Research indicated that acoustic emission could be 
useful in the nondestructive evaluation of welds ( 17). 
AE tests were conducted on butt-welded, low-carbon 
steel plates, both 'in-process' and 'in-cooling'. It was 
believed that 'in-process' monitoring of SMAW would 
provide information about weld quality as related to 
operator technique. Later tests using AWS E6012 and 
E70 16 electrodes disproved this belief. Figure 4 shows 
a strip-chart record of acoustic emtsston and 
instantaneous amperage of a DC welding machine versus 
time. The weld being deposited was a 3/16·inch (S·mm) 
stringer bead of E70 16 electrode on a ASTM A 36 steel 
plate. No correlation exists between the peaks of the 
curves. Accumulative slag cracking was probably the 
predominant source of AE activity. Prillft has 
successfully AE-tested 'in-process' welds using the 
automated SAW process (18). The 'in·process' behavior 
of SAW is more consistent than SMAW. Since a SAW 
device was not available for this study and slagless forms 
of welding are not prequalified by the AWS welding 
code, further 'in-process' weld monitoring was 
discontinued. 
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The basic objective of this study was to apply AE 
testiug to investigate possible future welding problems. 
This required the use of high-strength, structural steels, 
restrained welds, and hydrogen embrittlement. A series 
of tests was iuitiated using high-strength steels, ASTM 
A 588 and A 514. The steels were chosen because they 
were the highest strength steels of their classes permitted 
for welded highway bridges. ASTM A 588 and A 514 
steels have minimum yield strengths of 50,000 psi (345 
MPa) and 100,000 psi (690 MPa), respectively. AWS 
E7016 and E8016C l electrodes were selected for the 
A 588 steel. AWS E l 1018-M electrodes were used with 
the A 514 steel. While not prequalified by AWS 
Specification A5.S, this electrode develops full yield 
strength, 110,000 psi (760 MPa), when used with A 514 
steel. The steel plates employed in this study were 
produced by U.S. Steel Corporation and Republic Steel 
Corporation as l -inch (25.4-rnm) thick plates. Chemical 
and mechanical analyses of these electrodes and steels 
are shown in Tables 1 and 2, respectively. 
Three types of weld tests were performed. The first 
tests were butt welds of large 24-inch (610-mm) by 
16-inch (410-mm) plates usiug a root opening bevel of 
45° and 1/8-inch (3-mm) backing bars along the 24-inch 
(610-mm) length. Both types of steels were tested in 
this configuration. Two types of restrained tests were 
selected. The A 588 steel was tested as Lehigh restraint 
specimens (19), shown in Figure 5, with full restraint. 
A single electrode pass was made in the slot containing 
the 20° bevel. This test subjects the weld metal to 
stresses that would occur if the small cross-member, 
shown in Figure 2, were welded to solid steel plates 
4 inches (102 mm) thick. Stresses resulting from the 
welding process usually cause fracture of the weld bead 
in Lehigh specimens. The A 514 steel was welded using 
a cruciform type of test (20, 21) shown in Figure 6. 
Four, single-pass fillet welds were deposited sequentially 
in a counter-clockwise order. In the cruciform tests,­
welding stresses combined with hydrogen embrittlement 
may cause cracking adjacent to the third or fourth weld 
bead in the HAZ. This is called underbead cracking. In 
the butt-welded plates, lateral shrinkage stresses, 
perpendicular to the weld bead, are partially relieved 
by distortion of the weldment during solidification. 
However, the longitudinal stresses remain unchanged. 
For the initial tests, a Dunegan 3000 Series, 
acoustic emission monitor was used with single-ended, 
Dunegan S-140 transducers attached to the steel plates 
by magnets. The couplant between the transducers and 
the weldments was a thick resin, DOW DV -9. The system 
gain was initially set at 85 dB. The AE signals were 
band-pass filtered between 100-300 kHz. Acoustic 
emissions were summed with a full-scale count of 10,000 
and were stored on a strip-chart recorder during the test. 
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The initial tests were of butt welds on A 514 plates 
using a DC welding machine. The welding amperage was 
adjusted for full-penetration welds. The plate gap was 
set at 1/8 inch (3 mm). Backing bars had 2-inch (51-mm) 
run-off tabs on one side of the groove to start the weld. 
Electrodes were deposited as stringer beads along the 
groove. The slag was chipped and wire brushed before 
depositing a cover pass. After the last surface bead was 
chipped, the transducer was attached to the weldment 
and the plate was monitored as it cooled. 
At the outset, several problems were encountered. 
The weld beads, especially root passes, had a large 
amount of porosity. Porosity in the initial passes usually 
led to its subsequent formation in the coveriug beads, 
making it difficult to achieve a good weldment. The 
operator was inexperienced at welding with 
low-hydrogen electrodes. However, the problem 
persisted when a more experienced welder was used. The 
condition was finally minimized by usiug 1/8-inch 
(3-mm) diameter electrodes for the first three passes 
followed by cover passes with the 3/16-inch (5-mm) 
diameter electrodes. The amperage was also reduced 
towards the minimum values specified by AIRCO. Other 
problems were related to the acoustic emission 
equipment and test procedure. Electric noise from 
surrounding equipment created false recordings. The 
noises, caused by switching circuits, did not greatly 
affect the count total due to their small magnitude and 
infrequent occurrence. However, such activity masked 
termination of emissions from the weldment. To 
overcome this problem, low-noise, Dunegan D-140 
transducers were substituted and the system gain was 
reduced from 85 to 80 dB. A test was considered 
finished when no accoustic emissions could be detected 
from the weldment for a period of 24 hours. 
The A 588 plates were welded with fewer problems 
than encountered with the A 514 steels. The welding 
amperages were adjusted for full penetration. Backing 
bars were used, and the weld beads were applied as 
stringers. The welds were made using 3/16-inch (5-mm) 
electrodes for all passes. Wet or unbaked electrodes were 
used in an attempt to induce hydrogen-promoted 
cracking. 
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TABLE 1. PROPERTIES OF AIRCO AWS E7016, E8016CI, AND Ell018-M ELECTRODES (FROM 
'AIRCO ELECTRODE POCKET GUIDE') 
CHEMICAL ANALYSIS (PERCENT) 
TENSILE STRENGTH YIELD STRENGTH PERCENT ELONGATION 20°F (7"C) CHARPY V 
ELECTRODE in psi (MPa) in psi (MPa) in 2 inches (50.8 mrn) in ft-lb (Joules) c Mo s 
E7016 74,000 62,000 30 56 0.09 0.55 0.018 
(510) (427) {76) 
E8016Cl 82,000a 69,000a 31" 108a 0.05 0.82 0.017 
(565) (475) (146) 
E11018-M 113,000 104,000 23 <5 0.04 1.60 0.016 
780 IS) (61) 
aStress relieved 
TABLE 2. PROPERTIES OF BETHLEHEM AND U.S. STEEL, ASTM A 588 AND A 514 l-INCH 
(51-mm) THICK STEEL PLATES 
p Si 
0.010 0.50 
0.013 0.40 
0.012 0.40 
CHEMICAL ANALYSIS (HEAT PERCENT) 
STEEL PLATE TYPE TENSILE STRENGTH 
(MFG. TRADE NAME) in p•i (MPo) 
A 588 Gr B" 75,000 
(Mayori R·50) {517) 
A 514 Gr Ja 128,000 
(RQ lOOA) {$82) 
A 514b 131,000 
(Tl Type A Q & T) (903) 
"Furni>hed by Bethlehem Steel Corpo<ation 
bFumished by U.S. Steel Corporation 
YIELD STRENGTH 
in psi (MPa) 
54,000 
(372) 
122,000 
(841) 
124,000 
(855) 
0A.naJysi• also includes 0.00!5 percent B and 0.022 percent Ti 
PERCENT REDUCTION 
IN AREA 
50 
" 
GRAIN SIZE 
McQUAD-EHN (ASTM) c Mo ' ' " Co "' 
''" 0.11 0.88 0.011 0.02Q 0.27 0.30 0.29 
''" 0.17 0.60 0.006 0.019 0.28 
(8 avg.) 0.17 0.86 0.013 0.015 0.30 
Mo 
0.42 
,, 
0.50 
0.53 
C< Ni 
2.40 
0.25 L80 
Mo v 
om 
0.53 
0.18 o.o6c 
Figure 5. Lehigh Restraint Specimen. 
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Figure 6. Cruciform Restraint Specimen. 
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A common problem was encountered with both 
types of restrained tests. The bead weld in the Lehigh 
tests and the fillet welds in the cruciform tests were 
difficult to deposit with 3/16-inch (5-mm) electrodes. 
In both cases, 'arc-blow', a condition of arc instability 
due to weldment geometry, caused most of the weld 
beads to have surface porosity. All electrodes in the 
cruciform tests were baked properly. The electrodes for 
Lehigh Tests 5 and 6 were wetted to embrittle the weld 
metal. Electrodes used for the other Lehigh tests were 
properly baked. Lehigh Test 4 fractured immediately 
upon completion of the weld bead. Therefore, a second 
weld bead was deposited over the fractured weld. 
RESULTS AND COMMENTS 
On completion of the AE monitoring of the 
butt-welded plates, the weld beads were visually 
inspected for surface fractures. No cracks were detected. 
The cruciform and Lehigh specimens were stress-relieved 
and sliced into l -inch (25-mm) thick specimens 
transverse to the weld. The sections were polished and 
etched using nital and then microscopically examined 
for cracks. Cracking was recorded as the percent through 
the shortest possible plane that would lead to complete 
fracture of the weld. The total AE count and duration 
were accumulated and the final results are shown in 
Tables 3 and 4. 
Equipment problems prevented a good correlation 
of total AE counts among the butt-welded, A 514 tests. 
The behavior of AE count-vs-time after welding 
(in-cooling) for Tests 1, 3, 5, and 6 is shown in Figure 
7. The cruciform specimens emitted larger amounts of 
acoustic emissions than the butt-welded plates. When 
considered on a per electrode basis, as shown in Figure 
8, this contrast is more readily evident. 
Equipment problems also adversely affected the 
data for butt-welded, A 588 specimens. However, the 
duration of AE activity for Tests 2, 3, 4 and 6 
correspond closely. Figure 9 shows the behavior of AE 
counts-vs-time after welding (in-cooling) for the 
butt-welded, A 588 specimens. Considering that Lehigh 
Test No. 1 fractured prior to AE monitoring, a good 
correlation exists between a high total of AE activity 
and fracture. However, there is no direct correlation 
between the duration of acoustic emission activity and 
fracture. The Lehigh specimens had shorter periods of 
AE activity than the butt-welded specimens. The Lehigh 
specimens had significantly higher total AE counts per 
electrode deposited than the butt-welded, A 588 plates, 
as shown in Figure 10. The butt-welded, A 588 plates 
had longer periods of AE activity than the A 514 
butt-weldments. Conversely, the restrained cruciform 
12 
weldments had much longer periods of acoustic emission 
activity than the Lehigh specimens. 
Much-- of the behavior in these tests can be 
explained as material behavior under different stress 
states. Earlier mechanical tests conducted by the 
Division of Research suggested that the major source 
of acoustic emission from steels was dislocation motion 
(4). Also, acoustic emission testing was found to be very 
sensitive to this phenomena, even when the gross 
behavior of a test specimen was elastic. Therefore, 
during the 'in-cooling' AE monitoring of welds, four 
sources of acoustic emission are possible: 
1. resolution of long-range stresses, 
2. resolution of short-range stresses, 
3. cracking of metal, and 
4. cracking of inclusions. 
Wells indicated that long-range (residual and 
reaction) stresses are completely generated when the 
weld temperature equalizes with the weldment 
temperature (22). Short-range stresses are small stress 
fields about inclusions or transformation products from 
retained austenite. Speich and others have shown that 
transformation of martensite is the sole product of 
austenite capable of causing acoustic emission (23, 24). 
This is due to the small expansion of the martensite 
upon transformation. The bulk transformation of 
austenite to martensite appears to be thermally 
dependent. However, as previously stated, austenite 
retained at room temperature is usually athermally 
transformed by application of stress. 
Hartbower used acoustic emission to monitor 
newly welded, cruciform specimens of high-strength 
steel (25 ). AE activity was detected for periods up to 
440 hours after welding. However, no clear correlations 
were made between acoustic emission caused by 
cracking and AE activity due to other sources. Previous 
tests for delayed cracking of Lehigh-type tests, using 
less-sensitive equipment, showed fracture activity similar 
in duration to the periods of AE activity measured in 
this study (26). Numerous correlations do exist between 
cracking in metals and acoustic emissions during 
mechanical tests (4). Most previous acoustic emission 
weld tests have used doping of welds by embrittling 
elements, such as copper, to induce cracking. However, 
results of these tests are difficult to relate to actual weld 
situations. If hydrogen-induced cracking occurs, any 
relationship between cracking, cooling time, and weld 
temperature may vary in an unpredictable manner. 
TABLE 3. RESULTS OF TESTS USING ASTM A 514 STEEL 
TEST TYPE WBLDING ELECTRODE 
AND NUMBER AND CONDITION 
Butt-Weld I AWS E11018-M, Dried 
Butt-Weld 2 AWS EII018-M, Dried 
Butt-Weld 3 AWS Ell018-M, Dried 
Butt-Weld 4 AWS EIIOIS-M, Dried 
Butt-Weld 5 AWS EIIOIB-M, Drledc 
Butt-Weld 6 AWS EIIOIS-M, Driedc 
Cruciform I AWS E l l018-M, Dried 
Cruciform 2 AWS EIJOJ8-M, Dried 
Cruciform 3 AWS EI1018-M, Dried 
Cruciform 4 AWS E l l018-M, Dried 
anata accumulation system failed early in test 
bData accumulation system failed early in test 
CONDITION OF WELD 
Much porosity, 
No surface cracking 
Much porosity, 
No surface cracking 
Random porosity, 
No surface cracking 
Random porosity, 
No surface cracking 
Little porosity, 
N(' surface cracking 
Uttle porosity, 
No surface cracking 
Much porosity, 
l 3% cracking 
Much porosity, 
20% cracking 
Random porosity, 
8% cracking 
Random porosity, 
2% cracking 
c l/8-inch (3 -mm) electrodes were used for the first f!vc passes of these tests. 
DURATION OF ACOUSTIC 
EMISSION ACTIVITY (HOURS) 
7S 
102 
34 
64 
6S 
53 
265 
260 
259 
242 
TOTAL ACCUMULATED 
ACOUSTIC EMISSION 
207,000 
99,500 
763,000 
112,000 
514,000 
717,000 
536,000 
394,000 
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TABLE 4. RESULTS OF TESTS USING ASTM A 588 STEEL 
TEST TYPE WELDJNG ELECTRODE 
AND NUMBER AN\) CONDITION CONDITION OF WELD 
Butt-Weld I AWS E8016, Dried Good test, no 
surface cracking 
Butt-Weld 2 AWS E8016, Wet Random porosity, 
no surface cracking 
Butt-Weld 3 AWS E7016, Dried Good test, no 
surface cracking 
Butt-Weld 4 AWS E8016, Dried Good test, no 
surface cracking 
Butt-Weld 5 AWS E8016, Unbaked Good test, no 
surface cracking 
Butt-Weld 6 AWS E8016, Dried Good test, no 
surface cracking 
Lehigh I AWS E8016, Dried Much porosity, 
complete fracturi 
Lehigh 2 AWS E80!6, Dried Much porosity, 
2% fracture 
Lehigh 3 AWS E8016, Dried Much porosity, 
2% fracture 
Lehigh 4 AWS E80!6, Dried Much porosity, 
complete fractureg 
Lehigh 5 AWS E80!6, Wet Much porosity, 
complete fracture 
Lehigh 6 AW� E8016, Wet Little porosity 
5% fracture 
3System gain for this test was 85 dB, for the remaining tests, the gain was 80 dB. 
boata accumulation system failed at 52 hours. 
cData accumulation system failed at 56 hours. 
dData accumulation system failed at 14 hours. 
eAcoustic emission system failed at 65 hours. 
fweld fractured before acoustic emission monitoring was initiated. 
DURATION OF ACOUSTIC 
EMISSION ACTIVITY (HOURS) 
264a 
139 
141.5 
141 
65' 
138 
91 
91 
53 
54 
41 
74 
gWeld fractured on completion; a second pass was deposited before acoustic emission monitoring. 
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TOTAL ACCUMULATED 
ACOUSTIC EMISSION 
1,275,000b 
302,4QQC 
996,000d 
503,000 
1,030,000e 
191,900 
105,000 
65,000 
63,000 
1,390,000 
1,261,000 
141,000 
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Figure 7. Total AE Counts versus Time for Butt-welded, ASTM A 514 Plates 
'In�cooling'. 
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Figure 8. 
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Total AE Count Behavior of ASTM A 514, Butt·welded and Cruciform 
Specimens on a per Electrode Basis. 
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Figure 10. 
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Total AE Count Behavior of ASTM A 588, Butt-welded and Lehigh 
Specimens on a per Electrode Basis. 
The fracture of inclusions depends mainly upon the 
resolution of long-range stress fields within the 
weldment. Once these are constant, this source of 
acoustic emissions will cease. It should be noted that 
inclusions, which are brittle, will fracture at or before 
the onset of the maximum, long-range stress. Within 
approximately 8 hours after completion of a weld, all 
AE activity due to the thermal transformation of 
austenite has been completed. In this time, temperature 
differentials withln the plate have disappeared and the 
maximum residual stresses are 'locked' in the weldment. 
Withln 24 hours, the weldment is in thermal equilibrium 
with the atmosphere. Only two sources of acoustic 
emission remain when the plate temperature is at 
equilibirum with the atmosphere. Both are related to 
the final resolution (minimization) of long-range, 
internal stresses. These are crack propagation and plastic 
deformation or stress relaxation of the steel in the stress 
field at room temperature. Both of these sources can 
be considered methods of internal stress relief. For 
plastic flow to occur, the residual stress field must equal 
the yield stress of the material. Thls level of stress may 
easily be sufficient to promote cracking, especially in 
a weldment which is embrittled. Therefore, the duration 
of acoustic emission is a good indication of the period 
of active crack growth. 
Results of thls series of tests suggest that the stress 
relaxation process must be present during the 
'in-cooling' period. The A 514, butt-welded specimens 
had a shorter period of AE activity than the A 588 
butt-welds, probably due to the fact that a greater 
amount of stress can be relieved by the deformation 
of martensite platlets. The stress field generated in the 
A 514 cruciform specimens was more complex than the 
stresses in the Lehigh specimens, which could be 
considered in a state of uniaxial tension. In both types 
of restrained specimens, where cracking was negligible, 
the major source of AE activity was plastic deformation. 
It appears that the complex stress field of the cruciform 
specimens led to long durations of AE activity. 
Cracking was a major source of acoustic emission 
in the restrained specimens. Fractured Lehigh specimens, 
which were monitored successfully, produced more AE 
activity than specimens which had little or no fractures. 
The increase in the total AE count with cracking is also 
apparent in the cruciform tests. As shown in Figures 
II and 12, the Lehlgh specimens fractured by a ductile 
tear in the weld metal, due to the high, inherent, tensile, 
residual forces. The cruciform welds, as shown in Figure 
13, fractured by crack growth from re-entrant notches 
created at abutting faces of the steel plates. These cracks 
grew along low energy paths on the thlrd and fourth 
weld beads between columnar dendritic grains created 
by the weld solidification process. 
It was difficult to predictably embrittle the welds 
with hydrogen. No consistent fracturing was produced 
in welds made with wetted electrodes. Apparently, heat 
generated by the welding process sometimes drives 
moisture from the area of the electrode being consumed. 
The difficulty in sometimes achieving bad welds also 
emphasizes the problems in achieving good welds merely 
by control of input materials. Also, it appears that a 
period of at least 14 days should precede any form of 
nondestructive testing which geometrically defines 
fractures. The need for a suitable AE calibration device 
also became apparent. This tool would correlate data 
from different tests. A spark-gap device, the Trodyne 
'Sim-Cal' was tested, but it did not possess sufficient 
repeatability to provide valid calibration. 
Prine, reporting on the use of AE monitoring of 
nuclear-quality weldments has done much to reinforce 
the work done in this study (27). The need for 
continued research parallels the use of arc welding for 
bridge construction. Problems that may be encountered 
with welded structures are so numerous that Week, the 
Director General of the Welding Institute in Cambridge, 
England, has called for new research to find better 
methods which can replace arc welding (28). As such 
efforts are still in their infancy, continued pressures exist 
to attain the most knowledge possible about the 
performance of present weldments (29) 
Tests conducted during thls study have shown that 
the 'in-cooling' AE behavior of welds can reveal many 
interesting aspects of weldment suitability for service. 
However, these tests have only been an initial 
examination of the acoustic emission monitoring of 
hlgh-strength welds. Additional work should include the 
quantification of acoustic emission data for AE testing 
to have any practical potential as a nondestructive 
evaluation method. 
CONCLUSIONS 
1. Acoustic emission testing may be used to evaluate 
the complex behavior of high-strength weldments 
for residual stresses and cracking. 
2. There is a critical period following the welding 
process in which high internal stresses, created by 
welding, are reduced by plastic deformation or 
cracking. 
3. In the weldments tested, this stress reduction was 
completed in about 11 days. Therefore, no 
nondestructive tests of welds should be performed 
by conventional means (x-ray, magnetic-particle, 
dye-penetrant, or ultrasonics) until at least 14 days 
after welding has been completed. 
4. Acoustic emission testing should be quantified 
before being used as a means of nondestructive 
evaluations. 
19 
Figure 11. Fracture in Lehigh Specimen No. 1. 
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Figure 12. Cross-sectional View of Fracture in Lehigh Specimen No. I. 
Figure 13. Cross-sectional View of Fracture in Cruciform Specimen No. 2. 
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